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Abstract
Finnish forestry and bioenergy production is seeking novel uses for the fly ash deriving from 
biomass conversion. There are various possibilities for using fly ash in civil engineering in-
cluding road construction. The increase in bioenergy production has created more interest 
for using ash in forest roads. However, no established methods for the rehabilitation of forest 
roads exist yet. Hence, this research aims to find a suitable construction method that involves 
using ash that provides adequate bearing capacity. It involved building ten test road sections: 
two of them were reference sections without fly ash. The study examined the effect of four 
different rehabilitation methods on the bearing capacity of roads. Measurements were made 
once before and four times after the rehabilitation. The measuring devices included a light 
falling weight deflectometer (LFWD), a dynamic cone penetrometer (DCP) and a conven-
tional falling weight deflectometer (FWD). Two of the rehabilitation structures were 50 and 
25 cm thick fly ash layers. The other two were 15 and 20 cm thick layers made of fly ash and 
aggregate in different mixing ratios. In all cases, the constructed layers were paved with ag-
gregate. Statistical comparison showed that the bearing capacity of the rehabilitated road 
sections had improved compared to the reference sections. The recorded bearing capacities 
after rehabilitation (during spring thaw in 2012, 2013 and 2014) were about the same as 
before rehabilitation in summer 2011. Based on this study, fly ash can be recommended as an 
option for forest road rehabilitation.
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the need of natural stone resources (Edil and Benson 
2007)	or	as	a	filler	in	concrete	(Wang	et	al.	2008).	Ash	






































as a construction material in road building reducing 
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content	 is	 high	 (Salour	 and	 Erlingsson	 2013).	 The	












ly on coal ash due to the common use of coal in energy 
production.	There	have	also	been	studies	on	low-volume	




















































Fig. 1 Locations of measuring points along the test section. Num-
bers 1–7 denote measurement points, WP stands for wheel path 
and CL for centre line
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sure	 of	 bearing	 capacity	 is	 elastic	 modulus	 (later	




carried out with LFWD and DCP	devices.	Post-reha-
bilitation measurements were carried out with LFWD,	


















be estimated from the DPI	value	with	empirical	Eq.	1	
(Webster	et	al.	1992).	The	CBR	value	can	then	be	used	
for estimation of elastic modulus (E-modulus) with 
another	empirical	Eq.	2	(Powell	et	al.	1984)	that	is	one	
of	the	most	well	established	alternatives	among	the	






referred to as EDCP.
 2.46 1.12logCBR logDPI= − ×  (1)





Fig. 2 Measuring devices: dynamic cone penetrometer, light falling weight deflectometer and falling weight deflectometer
Table 1 Times of measuring rounds and rehabilitation
2011 2011 2012 2012 2013 2014
Summer Autumn Spring Summer Spring Spring
LFWD x
Rehabilitation
x x x x
DCP x x x x x
FWD x x x x
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The	LFWD	device	used	in	the	study	was	a	Load-
man,	manufactured	by	AL-Engineering	Ltd	of	Fin-




















duce	 the	 influence	of	 the	 loose	surface	 layer.	More	
detailed information about the use of the LWFD	is	pre-
sented	in	a	study	by	Kaakkurivaara	et	al.	(2015).	The	
E-modulus yielded by the LFWD was denoted by 
ELFWD	in	this	study.
A	conventional	falling	weight	deflectometer	was	




The	E-modulus for the FWD was calculated with the 
same	Eq.	3	as	for	the	LFWD.	Later	in	the	article,	the	
E-modulus of the FWD has been denoted as EFWD.	At	
this	point	 it	 is	 important	to	notice	that	the	efficient	
depth	of	influence	in	FWD measurements is far great-
er than that of LFWD	measurements.	Thus,	the	values	
of E-modulus	derived	based	on	LFWD	represent	basi-
cally	only	the	top	200	mm	of	the	road	structure,	while	
those based on FWD	also	include	the	influence	of	un-
derlying	subgrade	up	to	the	depth	of	500	mm.	More	











































Fig. 3 A road grader was used to shape the road surface and mix 
the ash and aggregate
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ra	2005)	to	estimate	the	E-modulus according to the 
Odemark	bearing	capacity	design	method	(Odemark	
1949).	Frost	susceptibility	of	the	samples	was	assessed	
according	 to	 the	design	grading	 curves	 of	 Finnish	
guidelines	(Finra	1993).	Specific	details	of	these	assess-
ments	are	presented	in	a	study	by	Kaakkurivaara	et	al.	





3.1 Structure of the road before rehabilitation
The	test	road	sections	were	established	on	an	exist-
ing	 forest	 road.	 The	 E-modulus	 values	 estimated	
based	on	soil	samples	taken	from	the	existing	road	
structure	before	rehabilitation	are	presented	in	Table	








Fig. 4 Test structure profiles. Four different test structures included 
an ash layer
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The	EDCP results for the centre line were in line with 
the EDCP	results	for	the	wheel	path,	but	the	E-modulus 
values	were	lower	across	the	board.














pacity	 was	 measured	 for	 the	 reference	 structure,	
whose	bearing	capacity	values	varied	widely	around	
50	MPa	during	 the	 entire	 survey.	The	above	men-
tioned	changes	in	the	bearing	capacity	were	measured	
on	the	wheel	path.	The	ELFWD results for the centre line 
were similar to the ELFWD	results	on	the	wheel	path,	
but the E-modulus	 values	 were	 lower	 across	 the	
board.
FWD measurements were not carried out before 
rehabilitation.	After	rehabilitation,	the	first	bearing	




structures	 (47	MPa).	 Bearing	 capacity	 values	 rose	

























ues of EDCP and ELFWD are based on eight measuring 
points	on	the	wheel	path	and	six	on	the	centre	line.	
The	mean	values	of	EFWD are based on four measuring 
points	on	the	wheel	path	and	two	on	the	centre	line.	
















is	 noteworthy	 that	 the	 bearing	 capacity	 of	 #4	 test	
structures	was	10–20	MPa	lower	than	for	other	test	
sections	 initially.	The	positive	development	 of	 the	
bearing	capacity	ended	two	years	after	rehabilitation	









have	 been	 different	 from	 the	 other	 measurement	
rounds.	Nevertheless,	the	purpose	was	to	do	the	mea-
surements	at	the	same	phase	of	the	frost	thaw	period.	
Table 2 Mean elastic modulus (MPa) based on grain size distribu-
tions (EGSD) for existing road structure materials before rehabilita-
tion. N stands for numbers of soil samples
#1 #2 #3 #4 Reference
Aggregate EGSD 150 150 200 150 125
Subgrade EGSD 23 35 20 18 38
Samples, n 2 2 2 2 2
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Fig. 5 Results of bearing capacity measurements for sections are presented in the following order: #1, #2, #3, #4 and reference test 
structures. The measurements were done with a dynamic cone penetrometer (DCP), a light falling weight deflectometer (LFWD) and a falling 
weight deflectometer (FWD). CL stands for centre line and WP for wheel path
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calculated	and	compared	to	 initial	values	between	
measurement	rounds.	A	negative	value	indicated	a	






comparisons	 were	 made	 between	 measurement	
rounds of the same season (summer ‘11 and summer 
Table 3 Statistical significance of paired sample t-test results between measurement rounds, when p<0.05. Measurement unit: MPa. Minus 














DCP WP #1 106
+37 +92 +64 –
St. dev. 27 78 41 –
Mean
DCP WP #2 107
+61 +87 +115 +50
St. dev. 37 17 56 30
Mean
DCP WP #3 112
–11 – +13 –
St. dev. 12 – 15 –
Mean
DCP WP #4 97
–– +58 +36 –
St. dev. – 64 28 –
Mean
Loadman WP #1 59
– +12 – –
St. dev. – 7 – –
Mean
Loadman WP #2 52
– +22 – –
St. dev. – 15 – –
Mean
Loadman WP #3 54
–9 – – –
St. dev. 8 – – –
Mean
Loadman WP #4 44
– +19 – +15
St. dev. – 14 – 9
Mean
DCP CL #1 74
+21 – +62 –
St. dev. 18 – 42 –
Mean
DCP CL #2 71
– +38 +40 –
St. dev. – 28 12 –
Mean
DCP CL Ref. 66
+31 – – –
St. dev. 24 – – –
Mean
Loadman CL #1 27
– +7 – +6
St. dev. – 5 – 4
Mean
Loadman CL #2 24
– +10 +10 +10
St. dev. – 6 3 5
Mean
Loadman CL Ref. 23
+9 +15 +9 +18
St. dev. 6 7 6 8
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‘12).	Statistically	significant	observations	were	almost	






cated by both ELFWD and EDCP,	 the	 improvement	 in	
bearing	capacity	was	higher	on	the	wheel	path	than	
on	the	centre	line,	as	expected.	This	observation	de-
scribes well the functioning of the structure since the 
bearing	capacity	improved	more	specifically	on	the	
wheel	path	where	compaction	of	the	structure	was	
responsible	 for	 the	 improvement.	About	 the	 same	
numbers	of	statistically	significant	observations	were	




values.	Comparison	of	EFWD results could not be done 
because	initial	values	were	not	measured.	Develop-
ment on the centre line measured by ELFWD	was	posi-
tive	 compared	 to	 the	 reference	 structure,	 which	
showed	no	improvement	on	the	wheel	path	measured	
either by ELFWD or EDCP.	 In	this	statistical	study,	 the	
number	and	location	of	the	blank	boxes	of	Table	3	
must	be	taken	into	consideration.	It	means	that	statis-
tical	 improvement	 was	 not	 detected.	 Some	 rows,	
where	the	combination	of	the	measuring	device,	mea-
surement class and test structure were not statisti-
cally	significant,	are	also	missing.	They	indicate	that	
rehabilitation	did	not	improve	the	bearing	capacity.







































Table 4 Statistically significant results of independent sample t-test 
based on mean bearing capacity values (MPa) between test struc-
tures and reference structure, when p<0.05. The number of ob-
servations consists of eight measurements on wheel path (WP) 
and six measurements on centre line (CL). A blank box indicates an 














Spring 116 – +52 – –
St. dev. 2012 36 – 24 – –
Mean
DCP WP
Summer 127 – +67 – –
St. dev. 2012 32 – 24 – –
Mean
DCP WP
Spring 122 +47 +100 – –
St. dev. 2013 26 40 42 – –
Mean
DCP WP
Spring 96 – +60 – –
St. dev. 2014 25 – 16 – –
Mean
Loadman WP
Summer 52 +18 +21 – –
St.Dev. 2012 7 12 12 – –
Mean
DCP CL
Spring 71 +65 – – –
St.dev. 2013 30 55 – – –
Mean
Loadman CL
Spring 28 – – – +13
St. dev. 2014 8 – – – 5
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vices.	 Similar	development	 of	 bearing	 capacity	 in	















surement results with FWD.	It	seems	that	empirical	
equals of DCP	overestimated	E-modulus	values	for	
these	construction	materials	when	compared	to	mea-
surements	of	 other	devices.	Time	of	 the	year	 also	
needs	to	be	taken	into	consideration;	there	was	high	
moisture	 content	on	 road	 structure	during	 spring	
thawing	season.	It	may	have	affected	the	measure-
ment	results.
The	paired	sample	t-test concentrated on follow-
ing	the	development	of	the	bearing	capacity	of	each	
test	structure	type	over	time.	Statistical	correlation	
was	observed	between	the	EDCP results when com-
parisons	were	made	between	the	initial	measurement	
and	 three	 following	measurement	 rounds.	Similar	
correlation did not occur in the case of the fourth 









empirical	 equations	 for	DCP	 are	 usually	working	
well;	if	the	structures	are	homogeneous	and	particle	





surement	 round	 results,	 whereas	 comparison	 to	
spring	measurement	rounds	did	not	indicate	a	clear	
improvement.	There	 are	 two	 reasons	 for	 that:	 the	





















dent	 sample	 t-test	 proved	 that	 the	 #1	 and	 #2	 test	
structures	had	clearly	better	bearing	capacity	than	
the	reference	structure	in	each	measurement	round.	
Two	 thirds	of	 the	observations	were	made	on	 the	
wheel	path	and	one	third	on	the	centre	line.	The	ten-
dency	of	the	observations	was	the	same	concerning	






ment round before actual rehabilitation testify that 










tween the test structures or between measurement 
rounds guarantee the technical feasibility and reli-
ability	of	the	measurement	methods.	Bearing	capaci-
ties	 showed	clear	 improvement	 immediately	after	
addition	of	fly	ash.	Statistical	analyses	revealed	that	
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of	adding	aggregate.	The	conclusion	 is	not	 in	 line	
with	the	expectations	about	the	functionality	of	using	
fly	ash	on	forest	roads.	The	reason	could	be	inade-
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